Objective: To investigate the combined effects of cisplatin and the histone deacetylase (HDAC) inhibitors suberoylanilide hydroxamic acid (SAHA) or sirtinol on HeLa cells and assess the mechanism underlying HDAC inhibitor-cisplatin synergy.
INTRODUCTION
Modulation of chromatin structure through histone acetylation/deacetylation is one of the major mechanisms involved in the regulation of gene expression. [1] [2] [3] Increased histone acetylation causes chromatin to decondense and is associated with increased transcription. [4] [5] [6] [7] Increased activity of histone deacetylase (HDAC), which down-regulates histone acetylation, has been observed in various cancer types. 8 Through acetylation of histones, HDAC inhibitors induce chromatin relaxation and favor transcription. Previous studies have demonstrated that treatment with HDAC inhibitors alters gene transcription, resulting in a proapoptotic expression profile characterized by increased expression of pro-apoptotic genes/proteins, and decreased expression of anti-apoptotic genes/proteins, including Bcl-2, Bcl-Xl, MCL1 and x-linked inhibitor of apoptosis protein (XIAP). [9] [10] [11] [12] [13] [14] Treatment with HDAC inhibitors also promotes accumulation of ROS in tumor cells. 10, 15, 16 These inhibitors induce growth arrest and apoptosis in various cancer cell lines in vitro and suppress tumor growth in animal xenograft models. [17] [18] [19] Several HDAC inhibitors, including suberoylanilide hydroxamic acid (SAHA), tributyrin, and depsipeptide, are currently under investigation in clinical trials as antineoplastic agents for use in patients with hematologic and solid malignancies. [20] [21] [22] SAHA, which inhibits class I and class II HDAC enzymes, has been shown to overcome multidrug resistance in different cancer cells in vitro, and to induce p53-independent apoptosis via the mitochondrial pathway. 23 Sirtinol belongs to the class III histone deacetylase family and is an inhibitor of SIRT1 (silent mating type information regulation 2 homolog 1), the closest mammalian homolog of yeast Sir2. It has been shown that the SIRT1 levels are up-regulated in various drug-resistant cell lines and SIRT1 knockdown by siRNA transfection increases drug sensitivity in these cells. 24 The chemotherapeutic agent cisplatin binds to DNA to form covalent platinum-DNA adducts. It is known that a tight chromatin structure prevents cisplatin from accessing DNA, and relaxation of chromatin by HDAC inhibitors may increase the accessibility of DNA to chemotherapeutic agents. 25 Cisplatin is effective against many types of cancer, including cervical cancer, but its use is often restricted due to side effects and the development of drug-resistance. Cisplatin resistance is often thought to arise due to the induction of DNA repair enzymes, overexpression of Bcl-2, and increased levels of reduced glutathione (GSH) and associated enzymes. XIAP, a direct inhibitor of caspase-3 and caspase-7, modulates the Bax/cytochrome c pathway by inhibiting caspase-9. 26, 27 Cisplatin sensitivity in ovarian and uterine cancer cells has been shown to involve XIAP. 28, 29 Increasing the effectiveness of cisplatin-based chemotherapy will require a means to overcome the side effects of, and resistance to, cisplatin. Given the biological effects of HDAC inhibitors on cancer cells and the known mechanisms of cisplatin resistance noted above, we postulated that the combined treatment with cisplatin and an HDAC inhibitor would increase the anticancer efficacy of cisplatin. Here, we tested this hypothesis by investigating the potentiation of cisplatin activity by HDAC inhibitors SAHA and sirtinol in HeLa cervical cancer cells, and sought to determine the mechanism underlying the synergistic effect of combined treatment.
MATERIALS AND METHODS

Cell culture and reagents
HeLa cells, obtained from the American Type Culture Collection, were cultured in DMEM medium supplemented with 10% fetal bovine serum, 100 IU/mL penicillin and 100 μg/mL streptomycin in a humidified atmosphere of 5% CO2 in air at 37 o C. Cisplatin and sirtinol were purchased from Sigma Chemical Co. (St. Louis, MO, USA), SAHA was purchased from Alexis Biochemicals (San Diego, CA, USA).
MTT cell viability assay
The viability of HeLa cells following treatment with cisplatin, SAHA or sirtinol alone, and in the indicated combinations, was measured using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay (Sigma). Cells were plated in triplicate wells (1.5×10 4 cells/well) of 96-well flat-bottomed plates and incubated overnight prior to drug exposure. Cells were then incubated with different concentrations of cisplatin, SAHA, sirtinol or a combination of cisplatin and one of the HDAC inhibitors. After exposure to the indicated concentrations/drug combinations for 48 hours, 10 μL of MTT reagent was added to each well. Cells were then incubated for 3 hours with MTT, after which 100 μL of stop mix solution (20% SDS in 50% dimethyl formamide) was added and cells were incubated for an additional 1 hour. Absorbance was measured at a wavelength of 540 nm using a spectrophotometer.
Nuclear staining with DAPI
After treatment with HDAC inhibitor and/or cisplatin, the cells were fixed with 3.7% paraformaldehyde (Sigma) in PBS for 8 minutes at room temperature. Fixed cells were washed with PBS and stained with a 4,6-diamidino-2-phenylindole (DAPI; Sigma) solution for 5 minutes at room temperature. The cells were then washed three more times with PBS and analyzed using a fluorescence microscope.
Western blot analysis
The cells were harvested and lysed, and the protein concentration in lysates was quantified using the Bradford method. For Western blot analysis, an equal amount of protein (40 μg) was separated by electrophoresis on SDS-polyacrylamide gels and transferred to nitrocellulose membranes by electroblotting. Blots were probed with the desired antibodies for 1 hour, incubated with diluted enzyme-linked secondary antibody, and then visualized by enhanced chemiluminescence as recommended by the manufacturer (Amersham).
Cytotoxicity analysis
We used the combination index method of Chou and Talalay   30 to determine whether the observed interactions between cisplatin and SAHA or sirtinol were additive or synergistic. If the interaction is additive, the sum of the effects of the two drugs should be equal to the product of their fractional activities. The representative function is f(u)1,2=f(u)1 ×f(u)2, where f(u)1 is the fraction unaffected by drug 1, f(u)2 is the fraction unaffected by drug 2 and f(u)1,2 is the fraction unaffected by drugs 1 and 2. The expected (presumed to be additive) and observed survival rates of HeLa cells obtained from the three independent drug-combination treatments were analyzed by Student's t-test. p＜0.05 was considered significant.
RESULTS
Cytotoxicity of cisplatin, SAHA or sirtinol, alone and in combination
We first exposed HeLa cells to the conventional anticancer drug cisplatin or to SAHA or sirtinol, two HDAC inhibitors belonging to different structural classes, to investigate the possible cytotoxic effects of these three drugs alone. MTT assays revealed that, after incubating with HeLa cells for 48 hours, each of these drugs had a dose-dependent inhibitory effect on HeLa cell viability (Fig. 1A and B , and the black portion of C). Of the three compounds, cisplatin reduced cell viability to the greatest extent. We then tested the responses of HeLa cells to combinations of different concentrations of cisplatin (5, 10, 20, and 40 μm) and SAHA (2.5 μm) or sirtinol (25 μm). When tested alone, both SAHA (2.5 μm) and sirtinol (25 μm) reduced cell viability by about 20% (21% for SAHA and 16% for sirtinol). As shown in Fig. 1 , the observed viability in HeLa cells treated with combi- nations of cisplatin and SAHA (2.5 μm) or sirtinol (25 μm) was less than that expected for an additive model at each concentration of cisplatin tested, indicating synergy. Although both HDAC inhibitors synergized with cisplatin to inhibit cell viability, the combination of cisplatin and SAHA was more effective than the cisplatin/sirtinol combination ( Fig. 1C and D) .
Morphological features of apoptosis in HeLa cells treated with HDAC inhibitors and/or cisplatin
To determine whether the growth inhibition by cisplatin and/or HDAC inhibitors was associated with apoptotic cell death, we treated cells for 48 hours with cisplatin, SAHA or sirtinol, alone, or with HDAC inhibitor/cisplatin combinations, and then examined nuclear morphology in DAPI-stained cells. With DAPI nuclear staining, cells with condensed and fragmented nuclei are judged to be apoptotic. Treatment of HeLa cells with SAHA (2.5 μm), sirtinol (25 μm) or cisplatin (10 μm) alone induced a modest level of apoptosis. However, the combination of cisplatin (10 μm) and SAHA (2.5 μm) or sirtinol (25 μm) induced a significantly greater degree apoptosis than that seen with cisplatin alone (Fig. 2) . These results indicate a good correspondence between the extent of apoptosis and growth inhibition, and suggest that the cell death induced in HeLa cells by cisplatin, SAHA and sirtinol, alone or in combination, is largely apoptotic in nature.
Inhibition of Bcl-2 and XIAP expression by HDAC inhibitors
Apoptotic cell death is highly regulated by pro-apoptotic and anti-apoptotic modulators. Bcl-2 and XIAP are anti-apoptotic proteins that are relevant to chemoresistance to cisplatin. To determine whether SAHA or sirtinol down-regulated the expression of Bcl-2 and/or XIAP in HeLa cells, we isolated cellular proteins after exposure to different concentrations of SAHA and sirtinol for 24 hours, and performed immunoblotting. The results of Western-blot analyses indicated that treatment with either SAHA (0, 2.5, 5, and 10 μm) or sirtinol (0, 12.5, 25, and 50 μm) induced a dose-dependent decrease in the levels of Bcl-2 and XIAP (Fig. 3A, B, D , and E).
Increased levels of activated caspase-3 by combined cisplatin/HDAC inhibitor treatment
Caspases are thought to be vital in mediating various apoptotic responses, including those induced by cisplatin. Caspase-3, which is cleaved proteolytically from its inactive precursor form into active fragments by various apoptotic stimuli, is an important apoptotic effector in both the intrinsic and extrinsic pathways of apoptotic cell death. To assess the effects of HDAC inhibitors on the caspase pathway, we measured caspase-3 activation in HeLa cells after a 24-hour treatment with cisplatin, SAHA or sirtinol, alone or in combination, using an immunoblotting method. We found that SAHA (2.5 μm) and sirtinol (25 μm) alone induced minimal activation of caspase-3, whereas the level of caspase-3 activation induced by cisplatin alone (20 μm) was readily apparent. Notably the cisplatin (20 μm)/ SAHA (2.5 μm) and cisplatin (20 μm)/sirtinol (25 μm) combinations strongly induced caspase-3 activation (Fig. 3C and F) , demonstrating that the combinations of cisplatin with SAHA or sirtinol were more effective apoptosis-inducing stimuli than were cisplatin or HDAC inhibitors alone.
DISCUSSION
Cisplatin is effective in neoadjuvant and conventional chemotherapy in the treatment of cervical cancer. Despite the impressive anti-neoplastic activity of cisplatin, severe side effects and drug resistance restricts its use in cancer therapy. High doses of cisplatin are more effective than low doses in cancer chemotherapy. Unfortunately, several severe side effects, notably nephrotoxicity and ototoxicity, limit the dose that can be given to patients. Moreover, the repeated use of cisplatin promotes resistance to cisplatin-induced apoptosis in cancer cells. Thus, drugs that sensitize cancer cells to cisplatin could increase the clinical efficacy of cisplatin. Unlike conventional chemotherapeutic agents, which often cause DNA damage in both cancer and normal tissues, HDAC in- hibitors display strong cancer selectivity and cause less toxicity to normal tissues. 31 In this study, we found that both SAHA and sirtinol exerted a dose-dependent cytotoxic effect on HeLa cells. Importantly, low concentrations of SAHA or sirtinol synergized with cisplatin in combination therapy to induce a level of cytotoxicity greater than that mediated by either agent alone, or that predicted by an additive model. Of the two combinations, the cisplatin/SAHA combination produced a more marked reduction in cell viability. DAPI staining and Western-blot analyses revealed that combined treatment with cisplatin and a low concentration of either of the two HDAC inhibitors markedly increased caspase-3 activation and apoptosis in HeLa cells compared with cisplatin alone.
Cisplatin cytotoxicity appears to correlate with DNA adduct formation. 32 Cisplatin, along with a number of other exogenous toxins, is detoxified by glutathione, the most abundant intracellular thiol and a critical cellular antioxidant, 33, 34 through the formation of glutathione adducts. 35, 36 Among the mechanisms that contribute to cellular resistance to cisplatin are those that involve up-regulation of the anti-apoptotic proteins Bcl-2 and XIAP. Bcl-2 overexpression has been shown to increase cisplatin resistance in a number of experimental models. [37] [38] [39] [40] [41] Bcl-2 overexpression in the mitochondrial outer membrane inhibits the characteristic increase in reactive oxygen species observed in cells exposed to a number of apoptotic triggers. 42, 43 Moreover, Bcl-2-mediated cisplatin resistance is associated with an increase in glutathione levels, and glutathione synthesis is required for Bcl-2-mediated cisplatin resistance. 44 Similarly, XIAP levels are known to regulate cisplatin sensitivity in some uterine cell lines. 29 Through acetylation of histones, SAHA and sirtinol relax chromatin, increasing the accessibility of DNA to transcription factors and thereby regulating the expression of a number of genes, including those for Bcl-2 and XIAP. Thus, the significantly increased cell death induced in cells by the combination of cisplatin and low concentrations of SAHA or sirtinol compared with cisplatin alone is likely due, at least in part, to down-regulation of Bcl-2 and XIAP by these HDAC inhibitors. By promoting chromatin decondensation, SAHA and sirtinol also provides greater DNA access to cisplatin. These actions sensitize HeLa cells to cisplatin, and thus are also likely to contribute to the synergistic cytotoxicity of cisplatin and HDAC inhibitors toward HeLa cells. Collectively, these results may indicate that relaxation of chromatin by SAHA or sirtinol increases the effectiveness of cisplatin by enhancing the accessibility of DNA to both cisplatin and transcriptional regulators. The first action directly increases the sensitivity of cells to cisplatin; the second contributes to increased sensitivity (and potentially to decreased resistance) to cisplatin by down-regulating anti-apoptosis regulators.
